Variations of land surface parameters over the Tibetan Plateau have great importance on local energy and water cycles, the Asian monsoon, and climate change studies. In this paper, the NOAA/NASA Pathfinder Advanced Very High Resolution Radiometer (AVHRR) Land (PAL) dataset is used to retrieve the land surface temperature (LST), the normalized difference vegetation index (NDVI), and albedo, from 1982 to 2000. Simultaneously, meteorological parameters and land surface heat fluxes are acquired from the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40) dataset and the Global Land Data Assimilation System (GLDAS), respectively. Results show that from 1982 to 2000 both the LST and the surface air temperature increased on the Tibetan Plateau (TP). The rate of increase of the LST was 0.2660.16 K decade 21 and that of the surface air temperature was 0.29 6 0.16 K decade 21 , which exceeded the increase in the Northern Hemisphere (0.054 K decade 21 ). The plateau-wide annual mean precipitation increased at 2.54 mm decade 21 , which indicates that the TP is becoming wetter. The 10-m wind speed decreased at about 0.0560.03 m s 21 decade 21 from 1982 to 2000, which manifests a steady decline of the Asian monsoon wind. Due to the diminishing ground-air temperature gradient and subdued surface wind speed, the sensible heat flux showed a decline of 3.37 6 2.19 W m 22 decade 21 . The seasonal cycle of land surface parameters could clearly be linked to the patterns of the Asian monsoon. The spatial patterns of sensible heat flux, latent heat flux, and their variance could also be recognized.
Introduction
Referred to as the ''roof of the world'' and the ''third pole of the earth,'' the Tibetan Plateau (TP, also known as the Qinghai-Xizang Plateau) is well known both for its high altitude and unique geographical features (Ding et al. 2006) . Land-atmosphere interaction in this area, especially through energy and water cycles, has great influence on the Asian monsoon, east Asian atmospheric circulation patterns, and even global climate change (Ye and Gao 1979; Ye 1981; Ye and Wu 1998; Ma and Tsukamoto 2002; Zhong et al. 2010b) . The history of observations on the TP is rather short and mainly based on scarce field measurements. Ground observation sites were limited in their spatial coverage and unevenly distributed over the TP. Therefore, little was known about the surface characteristics of the TP until recently. Current scientific efforts are focusing on obtaining systematic observations of surface biogeophysical parameters and of the exchange of energy fluxes at the land-atmosphere interface of the TP. Considerable amounts of valuable atmospheric and land surface data are being collected through new research projects, e.g., the Global Energy and Water Cycle Experiment (GEWEX) Asia Monsoon Experiment on the Tibetan Plateau (GAME/Tibet) and the Coordinated Enhanced Observing Period (CEOP) Asia-Australia Monsoon Project on the Tibetan Plateau (CAMP/Tibet). Some results have been achieved relating to characteristics of land surface parameters on the TP (Yang et al. 2001; Ma et al. 2002a,b; Yang et al. 2002; Yang et al. 2003; Yang et al. 2004; Ma and Ma 2006; Ma et al. 2008; Zhong et al. 2009 ). All of these results are, however, based on observational sites that can only be representative on a point scale. This kind of information is useful but not sufficient to be able to understand the energy and water cycles over the whole TP area. Over the last three decades, the rapid development of remote sensing techniques provided appropriate data for studying the regional surface characteristics of the TP area. Land surface parameters for the TP such as land surface temperature (LST), the normalized difference vegetation index (NDVI), and surface albedo dynamics were derived from data obtained from different sensors, for example, Landsat, Advanced Very High Resolution Radiometer (AVHRR), and Moderate Resolution Imaging Spectroradiometer (MODIS) (Ma et al. 2002a; Oku and Ishikawa 2004; Ma and Ma 2006; Ma et al. 2006; Ma et al. 2007; Oku et al. 2007; Wang et al. 2007) . Most of these studies were at the local-patch or mesoscale levels and their time scales were too short to be able to understand the effects of climatic changes on the TP. In addition, the focus of these studies was on the development of retrieval algorithms for surface parameters (Julien et al. 2006) , rather than analyzing the interrelationships between climatic and land surface parameters in the area.
This study aims at verifying the long-term variations in land surface parameters on the TP and their relation to the strength of the Asian monsoon by using satellite images and reanalyzing climatic data. In section 2 the study area is introduced, as are the datasets and the retrieval algorithms for the land surface parameters. Then, analyses of long-term variation trends for surface parameters are presented over the TP as a whole, and their influence on the heating source of sensible heat flux, as well as their relationship to the Asian monsoon. Based on these results, conclusions are drawn on how climate changes affect accelerated variations of environmental conditions on the Tibetan Plateau.
Data and algorithm

a. Study area
The TP, located in southwestern China, extends over the latitude-longitude domain of 268-408N and 738-1058E, with a size of about one-quarter of the whole Chinese territory and a mean elevation of more than 4000 m above sea level (Fig. 1) . Surface elevation changes rapidly at the boundaries of the plateau (especially at the southern boundary) and strong contrasts exist between the western and eastern parts of the region in terms of land surface features, vegetation, and meteorological characteristics (Ye and Gao 1979; Smith and Shi 1995) . The general climate conditions on the TP are characterized by strong solar radiation, low air temperature, high daily temperature differences, and a low annual temperature difference. Due to the influence of the Asian monsoon, there is a clear demarcation between the dry and the rainy seasons. About 90% of the precipitation occurs in the rainy season and the average air temperature ranges from 78 to 158C in the warmest month (July) to 218 to 278C in the coldest month (January). A decreasing trend in both temperature and precipitation has been observed from southeast to northwest (Immerzeel et al. 2005 ).
b. Datasets
The National Oceanic and Atmospheric Administration/ National Aeronautics and Space Administration (NOAA/ NASA) Pathfinder AVHRR Land (PAL) dataset has been processed to derive the land surface parameters in this study. The PAL dataset is a global land surface dataset, derived from the AVHRR, on the NOAA polar-orbiting satellite series, and provides a continuous daily and 10-day composite dataset from July 1981 through 2001. The 10-day maximum value composition (MVC) method selects the highest value for each pixel during each 10-day period, thus eliminating most of the cloudy pixels (Holben 1986; Julien et al. 2006) . The resulting composite datasets provide a time series of uniform, nearly cloud free, datasets providing highly repetitive, synoptic coverage of all global land areas. Parameters include the NDVI, channel 1 and 2 reflectances, and channel 3-5 brightness temperatures.
Another data source that will be used in this study is the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis dataset. The ERA-40 uses a variational data assimilation system to make a new synthesis of the in situ and remotely sensed measurements made over the period since mid-1957, when a major improvement was made to the atmospheric observing system in preparation for 1958, the International Geophysical Year (Kå llberg et al. 2004 ). The selected data have a spatial resolution of 2.58. The parameters that will be used in our study are 2-m air temperature, precipitation, and 10-m wind speed.
The surface sensible and latent heat flux with a spatial resolution of 18 are obtained from the Global Land Data Assimilation System (GLDAS). The goal of the GLDAS system is to ingest satellite-and ground-based observational data products, using advanced land surface modeling and data assimilation techniques, in order to generate optimal fields of land surface states and fluxes (Rodell et al. 2004 ). The monthly results obtained from the Community Land Model (CLM 2.0) covering 1982-2000 will be used in this study. The Community Land Model (CLM) has added complexity in order to satisfy a wide variety of applications. Some extensive offline tests were carried out by Dai et al. (2003) 
c. Retrieval algorithms for satellite images
The NDVI is routinely calculated from visible (0.585-0.68 mm) and near-infrared (NIR, 0.73-1.1 mm) data acquired by the NOAA series of AVHRR sensors:
where NIR and Red are the surface reflectance in the infrared and red regions, respectively. As a critical variable affecting the earth's climate (Cess 1978; Dickinson 1983) , land surface broadband albedo is estimated by adopting the algorithm by Liang (2000) . Liang (2000) applied an approach that decouples surface reflectance spectra from the real-time radiative transfer simulations so that many different surface reflectance spectra and the atmospheric conditions can be effectively incorporated: 
where a short is the total shortwave albedo, and a 1 and a 2 are AVHRR spectral albedos of bands 1 and 2, respectively. The split-window algorithm was first introduced to estimate the ocean surface temperature. Since then, after 30 yr of development, it has proven to be simple with high efficiency (Zhong et al. 2010a ). The retrieval method from Sobrino and Raissouni (2000) had been proven to be effective at deriving LST over the TP by Ma et al. (2003) . Therefore, the split-window algorithm by Sobrino and Raissouni (2000) is applied to derive the land surface temperature (T s ):
where T 4 and T 5 are AVHRR's radiometric temperature in channels 4 and 5, W is the amount of total atmospheric water vapor, « is the mean effective emissivity, and D« is the spectral variation of emissivity. Both « and D« are estimated to be functions of the NDVI values, according to Sobrino and Raissouni (2000) . The total atmospheric water vapor is estimated using the method developed by Sobrino et al. (1999) .
d. Validation
Four observation sites in the CAMP/Tibet area (AMDO, D105, BJ, and NPAM) were used to perform the validation. The derived LST from satellite data was compared with field measurements at four sites. As LSTs from PAL dataset are 10-day maximum value compositions, the in situ observation values are corresponding 10-day maximum values measured at satellite passing time. The differences are shown in Fig. 2 , together with a 1:1 line. As can be seen in Fig. 2 , the derived LST from satellite images was close to the in situ measurements. The percentage error (PE) was applied to measure quantitatively the difference between the derived results and the in situ values:
The average LST PE derived from four sites was about 1%, which proves that the retrieval methods can be applied to the TP. Although the derived results were generally in agreement with field measurements, there were some discrepancies. These may be due to 1) the pixel scale itself being usually not homogeneous and the component temperature not being taken into account and 2) the impacts of topography on LST calculation having been omitted.
Recent variation trends in land surface parameters across the Tibetan Plateau
Monthly and annual averages of LST, NDVI, and albedo from satellite images were calculated from every pixel across the TP. The area-averaged air temperature, precipitation, and wind speed for the TP were derived from grid values for each month from 1982 to 2000. As can be seen from time series of monthly mean LSTs (Fig. 3a) and annual mean LSTs (Fig. 3b) , there is a clear warming trend across the land surface of the TP as a whole. The annual average LST on the plateau increased by 0.26 6 0.16 K decade
21
, which is very close to the in situ measurements by Li et al. (2005) . They found that the TP had been warming at 0.3 K decade 21 over the past 20 yr. The warming trend on the TP is also in accordance with the remote sensing results from the Geostationary Meteorological Satellite 5 (GMS-5; Oku and Ishikawa 2004) . There is no dominant pattern in the spatial distribution of the LST. However, it was observed that the 18-yr-average LST was much higher in the northeastern, eastern, and southwestern areas of the TP than in other parts of the TP (Fig. 3c) . The variance map of the LST shows that the northwestern part of the TP has the greatest anomalies (Fig. 3d) .
As the land surface directly heats the atmosphere above, the surface air temperature is also rising (Figs.  4a,b) . Both monthly and annual developments of surface air temperature recorded by the ERA-40 show an increase from 1982 to 2000. The warming rate is about 0.29 6 0.16 K decade 21 , which is slightly higher than the increase in LST derived from PAL and also higher than the results obtained by Liu and Chen (2000) , who employed all records from the 97 TP stations to obtain a TP-wide temporal evolution for seasonal and annual average surface air temperature anomalies from 1955 to 1996. Liu and Chen (2000) found the increase in the linear rates of the all-plateau temperature during 1955-96 to be about 0.16 K decade 21 for the annual mean, which exceeds the increase in the Northern Hemisphere (0.054 K decade 21 ). The warming of the TP will inevitably affect the upward motion of airflow in the atmosphere and thus influence , which indicates that the TP has become wetter during the past 18 yr. This significant change can also be observed in the spatial pattern of monthly mean precipitation and variance (Fig. 5) . The precipitation data from the ERA-40 were divided into four groups. In Figs. 5a, 5c, 5e, and 5g the increasing changes in precipitation on the TP are clearly shown. A gradual decrease in precipitation can usually be seen from the southern TP to the northern TP. There is also a maximum precipitation belt located around the Himalayas. The warm and humid Indian monsoon always brings a large amount of water vapor from the Indian Ocean in summer. When this circulation pattern encounters the Himalayas, the air has to flow upward, causing large amounts of precipitation. From the variance maps (Figs. 5b, 5d, 5f, and 5h), it can be seen that large precipitation anomalies are located in a special area (278-308N, 848-998E) in the southern TP.
With the warming of the TP, the NDVI has shown an upward trend and the albedo a downward trend (Figs. 6a-d) . The rate of increase of the NDVI is about 0.01 6 0.003 decade
, while the albedo decreases at 0.004 6 0.003 decade 21 (Figs. 6b,d ). For the TP as a whole, the 10-m wind speed decreased from 1982 to 2000 with a rate of 0.05 6 0.03 m s 21 decade 21 (Figs. 6e,f) , which is consistent with the steady decline of the East Asian monsoon winds (Xu et al. 2006) . As the TP is greatly influenced by the Asian monsoon, the land surface parameters show a clear seasonal cycle in accordance with the monsoon. As the Asian monsoon develops, the LST, surface air temperature, and NDVI usually increase, while wind speed and albedo decrease. After the monsoon retreats, wind speed and albedo increase again, while LST, surface air temperature, and NDVI show a decrease. For example, from the premonsoon season to the monsoon season, the LST, NDVI, and surface air temperature tend to increase, respectively, from 293.4 K, 0.1, and 279.1 K to 301.3 K, 0.19, and 288.1 K. Simultaneously, the values for albedo and wind speed decrease from, respectively, 0.24 and 0.95 m s 21 to 0.19 and 0.33 m s
. The climatic warming of the TP has to be accompanied by a change in the atmospheric heating source (sensible heat flux, H s ) and therefore has to be related to the strength of the Asian monsoon. According to a widely used bulk aerodynamic method, H s can be derived (Ye and Gao 1979; Chen et al. 1985; Duan and Wu 2008) as follows:
where C p (51005 J kg 21 K 21 ) is the specific heat of dry air at constant pressure, r is the air density, C DH is the drag coefficient for heat transfer, and V 0 is the mean wind speed measured at 10 m above ground. At each specific position, variations in r and C DH will have been negligible during the study period from 1982 to 2000, meaning H s is mainly determined by V 0 and T s 2 T a Based on the 10-day maximum value of LST, we made a further calculation to get the monthly average values of LST. Both T a and V 0 are all monthly mean values from ERA-40. Thus, H s also represents a monthly value. As stated above, there was a downward trend for wind speed and an upward trend for both LST and surface air temperature, with the rate of increase in the surface air temperature being slightly higher than that of the LST. Therefore, the ground-air temperature difference (T s 2 T a ) has to have decreased during the study period. Based on the decrease in V 0 and T s 2 T a , the sensible heat flux should also decrease. This is in accordance with the trend of decrease in the surface sensible heat flux from GLDAS (Figs. 7a,b) . The rate of decrease in the sensible heat flux is about 3.37 6 2.19 W m 22 decade
. This is in agreement with calculations from in situ measurements (Duan and Wu 2008) . There is a clear spatial pattern in the distribution of the sensible heat flux across the TP. The northern, northeastern, and southwestern parts of the TP usually have a much higher sensible heat flux (Fig. 7c) . The variation in sensible heat flux increases gradually from the southeast to the northwest part of the TP (Fig. 7d) .
The increase in precipitation, LST, and NDVI and the decrease in albedo contribute to an increase in surface latent heat flux (figures not shown). The surface latent heat flux derived from the GLDAS shows a rate of increase of about 0.9 W m 22 decade
. The spatial distribution of the latent heat flux exhibits a very clear pattern, consistent with the general climatic patterns on the TP. As the climatic conditions in the southeastern part of the TP are usually warmer and wetter than in the northwestern part, the latent heat flux tends to decrease from southeast to northwest.
As a major source of heating leading up to the rainy season, the TP has a great influence on the Asian monsoon. The trend in sensible heat flux to decrease may explain the recent atmospheric and rainfall anomalies in China, especially in the eastern part of China. There are many debates on the specific impacts the TP heat has on precipitation in China, and further investigation is needed.
Conclusions and discussion
Based on the PAL dataset, ERA-40, and GLDAS reanalysis data, time series of land surface parameters have been developed for the TP as a whole. The results northwest. The largest variation in latent heat flux is found in the north, northeast, and southwest of the TP. 6) Because of the decreasing wind speed and the diminishing ground-air temperature difference, the sensible heat flux on the TP has been decreasing at a rate of 3.37 6 2.19 W m 22 decade 21 according to a bulk aerodynamic method. However, the latent heat flux tends to increase at a rate of 0.9 W m 22 decade
21
.
In fact, the warming of the TP will inevitably accelerate the melting of snow, ice, and permafrost. For this aspect, the Nam Co Lake, which is the largest lake in the Tibet Autonomous Region, can be a good example. According to a recent study result from Zhu et al. (2010) , the increased glacier melting water accounted for about 50.6% of the increase in Nam Co Lake's volume, which suggested that the increased glacier melting water was the main reason for the rapid increase in Nam Co Lake under the continuously rising temperatures. The increase in soil moisture will have consequences, affecting evapotranspiration and subsequent precipitation, and perhaps leading to periods of excessive drought and floods. The increase in variability in precipitation might be linked to regional changes in snow cover, soil moisture, and precipitation. This could be an important issue, but needs more study.
The recent warming trend in the TP has exceeded that of the Northern Hemisphere. The TP can be regarded as one of the areas most sensitive to global change. Consequently, temperature changes in high-elevation regions such as the TP could be used for detection or monitoring of global warming.
As sensible heat flux is a major source of heat, its decrease should have a large influence on atmospheric circulation patterns in the Northern Hemisphere, even the globe. Its impacts on the Asian monsoon and precipitation in China merit further investigation.
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